Density-functional theory within the local density approximation + Hubbard U approach was used to study interface electronic structures in stoichiometric and oxygen-deficient LaAlO 3 /SrTiO 3 (LAO/STO) superlattices with regularly spaced n-type and p-type interfaces. Asymmetric behaviors between complementary n-type and p-type interfaces were revealed in terms of orbital-selective charge transfer. Extra electrons induced by oxygen vacancies at the p-type interface easily spread to the n-type interface and occupy the Ti 3d xy orbitals, while those induced by the vacancies at the n-type interface are strictly confined and reside in Ti 3d x 2 −y 2 and/or 3d 3z 2 −r 2 orbtials. The electronic behavior of oxygen vacancies at the LAO/STO interfaces and the possibility of distinguishing between intrinsic electronic states, which are induced by the polar catastrophe, and extrinsic states due to oxygen vacancies are discussed in detail.
I. INTRODUCTION
Recent technical advances in thin-film technology have enabled the atomic-scale synthesis of epitaxial complex oxide heterostructures, such as multilayers and superlattices (SLs) of perovskite oxides ABO 3 . 1 Compared to their conventional semiconductor counterparts, these oxide heterostructures offer even more opportunities to uncover new quantum states at their interfaces, owing to a subtle interplay between spin, charge, lattice, and orbital degrees of freedom in these complex oxides. 2, 3 Oxide multilayers and SLs with coupled interfaces, which can create spatially separated quasi-two-dimensional electron-holes (q-2DEH) or electron-electron systems, have attracted increasing attention. [4] [5] [6] These coupled electron-hole or electron-electron systems in conventional semiconductor quantum wells have proven both fundamentally and technologically important. [7] [8] [9] Specifically, rapid growing interests have been accumulated on the interface between LaAlO 3 (LAO) and SrTiO 3 (STO) in experimental [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] and theoretical studies. 4, 6, [22] [23] [24] [25] [26] [27] [28] Origin of the quasi-two-dimensional electron gas (q-2DEG) as well as lattice effects at the interface have also been investigated from first principles based on models of symmetric [22] [23] [24] 28 or asymmetric SLs. 29, 30 While experimental data seem to favor the intrinsic origin of the q-2DEG, 11, 12, 18 there are also abundant evidences that oxygen vacancies affect the observed behaviors such as carrier density and confinement. [31] [32] [33] [34] A better understanding of the electronic properties as well as the effect of oxygen vacancies on interface electronic states of coupled-interface oxide SLs of LAO/STO are needed.
To understand the electronic structure and the role of oxygen vacancies in coupled-interface oxide multilayers, we conducted a first-principles computational study on LAO/STO SLs, in which AlO 2 /LaO/TiO 2 (n-type) and AlO 2 /SrO/TiO 2 (p-type) interfaces were regularly spaced by oxide components. The interaction of the oxygen vacancies with the built-in electric field and the effects of these vacancies on interface electronic states are elucidated. Our results show that the transfer of excess electrons induced by oxygen vacancies is orbital selective and depends on the vacancy location in a layer-resolved scale. This result can be used in further experiments to distinguish intrinsic interface states, which are induced by the polar catastrophe, from extrinsic states, which are induced by vacancy defects.
II. COMPUTATIONAL METHODS AND MODELS
The stoichiometric SL with alternating n-type and p-type interfaces was studied using a 40-atom 1 × 1 × 8 supercell composed of LAO and STO layers with a four unit cell thickness (SL 4 × 4), since SL 4 × 4 is well below the critical stacking period (12 × 12) 6 to induce polar catastrophe. The in-plane lattice parameter was fixed at the calculated lattice constant of cubic STO to simulate the mechanical boundary condition imposed by the STO substrate [ Fig. 1(a) ]. The supercell c axis was optimized by minimizing the total energy. Ionic relaxation along the z axis was performed until forces acting on atoms were less than 0.02 eV/Å. The oxygen-deficient SL was modeled by a 2 × 2 × 8 supercell containing 159 atoms (r-SL 4 × 4), as shown in Fig. 1(b) . Different oxygen vacancy (V O ) locations at n-type and ptype interfaces are shown in Fig. 1(c) . The model was constructed with fractional V O concentration of 25% per perovskite unit cell at the interface, which allows for comparison with the vacancy concentrations in experiments (δ = 0.1 and 0.32 at n-type and p-type interface, respectively, in LAO/STO hetrostructures). 11 All atoms were allowed to fully relax in three dimensions to accommodate tilting, rotation, and distortion of oxygen octahedra after each neutral oxygen atom was removed. First-principles density functional calculations were performed within the framework of the plane wave projector augmented wave formalism, 35 as implemented in the VASP code [36] [37] [38] with k-point grids of 8 × 8 × 1 and 4 × 4 × 1 for 1 × 1 × 8 and 2 × 2 × 8 supercells, respectively. A plane-wave cutoff energy of 500 eV was employed. To treat exchange and correlation effects, we used the local density approximation + Hubbard U method (LDA + U ) with U d = 5.00 eV and J d = 0.64 eV for the Ti d states and U f = 11.00 eV and J f = 0.68 eV for La f states. 21 The large U f value for La was used to shift the La f band to higher energy and to prevent spurious mixing with the Ti d bands. 13, 39 
III. RESULTS AND DISCUSSION

A. Interface electronic properties of stoichiometric LAO/STO SLs
We investigated the band diagram and characteristics of electronic states at the interfaces of the stoichiometric LAO/STO SL. Since the interaction of an oxygen vacancy with the interface depends on the location of the oxygen vacancy, 40 a band diagram with layer-by-layer resolution was first calculated on the stoichiometric SL, and its layer-by-layer band-edge modulation at an atomic scale is presented here. These results serve as a reference for the following interface electronic properties of deficient LAO/STO interfaces. Figure 2 (a) shows the calculated real-space energy diagram for SL 4 × 4. The data points are conduction-and valence-band edges at each AO or BO 2 atomic layer. In STO and LAO, the highest occupied valence-band states are derived from O 2p states hybridized with Ti 3d or Al 3s and Al 3p states in STO or LAO, respectively, at all AO and BO 2 layers. Consequently, the valence-band edges of the consecutive atomic layers are altered in a cohesive manner.
On the other hand, the variation of the conduction-band edge is continuous only across the n-type interface. The continuous change is caused by hybridization between O 2p and Ti 3d or La 5d states across the n-type AlO 2 /LaO/TiO 2 interface. This hybridization makes the conduction-band offset at the n-type interface ambiguous and ill-defined within about 1.5 unit cells of the LAO side, although the offset is typically an average based on the behavior of the conduction-band edge over the whole LAO layer, as indicated by the solid lines in Fig. 2(a) . Contrary to the n-type interface, the change in the conduction-band edge is quite abrupt, due to the antibonding states of the Al-O-Ti chain through the interface at the p-type AlO 2 /SrO/TiO 2 interface. As discussed above, the conduction-band edge at the AlO 2 plane is determined by the O 2p-Al 3p hybridized states, which lie at distinctly higher energies than the antibonding O 2p-Ti 3d manifold of the SrO and TiO 2 planes. This asymmetry in structural behavior would be associated with the difference in the electronic structures at the two interfaces. In LAO/STO heterostructures, the oppositely charged (LaO) + and (AlO 2 ) − atomic planes give rise to a built-in potential, 41 which modulates the conductionand valence-band edges. Here we define the modulation potential as
, where E n−TiO2 V and E p−AlO2 V are the valence-band edges at the TiO 2 and AlO 2 layers at n-and p-type interfaces, respectively. For SL 4 × 4, V 0 is 0.55 eV with a corresponding effective band gap of 1.42 eV [ Fig. 2(a) ]. Under critical regime for the polar catastrophe, the resulting built-in field affects the interaction of oxygen vacancies with the asymmetric (n-or p-type) interface, as discussed below. the n-type interface. This behavior is consistent with x-ray absorption spectroscopy observations in the n-type LAO/STO interface. 18 At the p-type interface, on the other hand, the splitting is negligibly small, and the Fermi level approaches the valence-band top. As seen in Fig. 2 , the Ti 3d-e g states are completely suppressed at the conduction-band bottom in the stoichiometric LAO/STO SL.
B. Orbital-selective charge transfer at oxygen-deficient
n-type or p-type interfaces Figure 3 shows the band diagrams of oxygen-deficient r-SL 4 × 4 with different V O positions. When V O1 and V O2 are in the SrO and AlO 2 planes of the p-type AlO 2 /SrO/TiO 2 interface, respectively, these V O s effectively induce an electric field opposing the built-in field of the host lattice. Consequently, the modulation potential decreases significantly, i.e., 0.29 eV and 0.20 eV for V O1 and V O2 , respectively, and the band edges are almost flat. On the contrary, fields induced by V O3 and V O4 at the n-type AlO 2 /LaO/TiO 2 interface are in the same direction as the existing field. In these cases, the compensations are made by only the extra electrons. Therefore, the modulation potentials are slightly lower than in the stoichiometric SL 4 × 4 [ Fig. 2(a) ]. These results combined with the electrostatic arguments for screening indicate that V O s at the p-type interface is energetically favorable. Firstprinciples LDA calculations also showed that the formation energy of oxygen vacancies at the p-type interface was smaller than at the n-type interface. 40 The formation energy of oxygen vacancies was also calculated with Coulomb correction, i.e., LDA + U approach, in this study. The calculation results again showed that the formation energy of an oxygen vacancy (V O2 ) at the p-type interface was smaller than at the n-type one (V O4 ), although the difference was decreased significantly from 1.75 (by LDA) to 0.99 eV (LDA + U ). This result also suggests that the occurrence of the oxygen vacancies may be susceptible to the growth process. 42 In LAO/STO heterostructures with a single n-type interface, V O s have been predicted to occur at the surface of the LAO overlayer. 17, 43 As the built-in electric-field points from the n-type interface to the LAO surface in the LAO/STO heterostructures or to the p-type interface in the SLs, the surface of the LAO overlayer can be electrostatically considered a complementary p-type interface. In addition, experimental results have also shown that a single p-type interface in LAO/STO heterostructures is compensated by V O s.
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The distribution of the extra electrons is controlled both by V O s and the built-in field, as discussed above. Figure 4 shows the carrier distributions in the (010) planes containing V O1 or V O2 at the p-type interface in r-SL 4 × 4. In these cases, the compensation of the effective V O -induced field and the built-in field enables the carriers to spread from the high-energy p-type interface into the STO layer toward the low-energy n-type interface. Such carrier dispersions further compensate for the built-in field and stabilize the whole system. As can be seen in Fig. 4 , the angular distributions of carriers around the Ti ions display significant distortions near the vacancies sites, indicating strong distortions of the octahedra. Figure 5 shows the in-plane carrier distributions in the Ti layers at the n-type or p-type interfaces, i.e., the n-Ti or p-Ti layers, in r-SL 4 × 4 with a V O1 (upper panels) or V O2 (lower panels) vacancy. Although the V O s are created at the p-type interfaces, the majority of carriers are clearly transferred to the n-type interface to minimize energy. The angular distributions of the carriers imply that these extra electrons primarily occupy the d xy orbital in the n-Ti layer. The orbital characters of the carriers in the n-Ti and p-Ti layers are clarified by the Ti 3d PDOS, as shown in The out-of-plane carrier distributions for V O3 and V O4 , in which the V O s are created at the LaO and TiO 2 planes, respectively, at the n-type AlO 2 /LaO/TiO 2 interface are shown in Fig. 7 . As discussed above (Fig. 3) , the effective electric fields induced by V O3 and V O4 have the same direction as the existing built-in field, and the field compensations are performed by the extra carriers only. Under such electrostatic conditions, the carriers would be strictly confined at the n-type interfaces. As expected, the carriers are strongly localized at the TiO 2 plane at the n-type interface. In particular, most of the carriers are transferred to the nearest Ti ions. No electrons are transferred to the p-type interface. As can be seen in Fig. 7 , angular distributions imply that the e g (d x 2 −y 2 ,d z 2 ) orbitals, rather than t 2g , are primarily occupied. Figure 8 shows the in-plane distribution of the carriers in the n-Ti plane of the r-SL 4 × 4 with V O3 or V O4 vacancies. The V O3 vacancy is an apical to the nearest Ti as an octahedron center. Most carriers are transferred into the d z 2 , which points toward the apical V O3 , as seen in Fig. 8(a) . A small fraction of the electrons selectively occupy the d xy ,d xz , or d yz orbitals of other Ti in the same layer. Meanwhile, the V O4 is equatorial in the n-Ti plane. The d x 2 −y 2 orbitals of the two nearest Ti ions head toward the vacancy and become dominantly occupied. At the other two Ti ions in the plane, the d xy orbitals are partially filled, as shown in Fig. 8(b) . The orbital characteristics described above are presented in detail in Ti 3d PDOS. Figure 9 shows that orbital splitting of the t 2g and e g states of Ti layer at the n-type interface is not prominent while electron occupation on Ti layer at the p-type interface is absent. As can be seen, although d xy orbitals are still occupied to some extent at all Ti positions, they are no longer dominant. Due to their symmetry relative to V O3 , the occupancy of both the d xz and d yz orbitals is enhanced at Ti ions. At the Ti nearest to the V O3 , the d z 2 state is the lowest state and becomes dominantly occupied. The PDOSs of the Ti in the n-Ti plane for the V O4 are also shown in Fig. 9 . Due to the chain symmetry of Ti ions with the V O4 , the d z 2 states contribute, although the orbital characters are primarily formed by d x 2 −y 2 states.
The main difference between V O1 /V O2 and V O3 /V O4 is electrostatic screening. In V O1 /V O2 , the effectively positive V O s do not need to be exclusively screened due to mutual compensation of the effective V O -induced field and the built-in field. Charge transfers toward the n-type interface will further stabilize the systems. The lowest d xy orbital is the first state available for the transferred electrons. In V O3 /V O4 , however, the fields are in the same direction and enhance each other. In this case, the V O s have to be screened. In STO, the t 2g (d xy ,d xz ,d yz ) states are π bonding, while the e g (d x 2 −y 2 ,d z 2 ) states form σ bonds with the surrounding oxygen. The stronger σ interactions make the carriers occupying this e g band more effective in screening the V O s. In other words, the e g electrons more effectively stabilize V O3 /V O4 oxygen-deficient systems. In fact, such Ti 3d-e g -derived defect states induced by V O s were also obtained in oxygen-deficient STO bulk. 44, 45 The above results on the V O effects and associated charge transfers reveal an important electronic behavior that, although the (V O1 /V O2 ) vacancies are at the p-type interface, the induced carriers are primarily transferred to n-type interfaces (Fig. 4 and Fig. 5 ). In general, extra electrons originated by V O s at all other places in the SL tend to accumulate at the n-type interface to minimize their energies and further compensate for the built-in field. This field-induced charge transfer leads to an apparently paradoxical consequence: although V O formation is not favorable at the n-type interface, it is at this interface where the carrier density is most influenced by V O s generated at this interface and at other atomic planes. This effect can account for the fact that carrier density is highly sensitive to the oxygen pressure and/or oxygen content of the LAO overlayer in n-type LAO/STO interfaces. [31] [32] [33] [34] Experimental results have shown that, at observed sheet carrier densities of 10 13 cm −2 to 10 14 cm −2 , the sheet carriers strictly localize near the interface and exclusively occupy the Ti 3d xy orbital. 46 At carrier densities higher than a threshold value (10 14 cm −2 ), the carrier distribution quickly broadens, and a fraction of the charge flows into the (d xz ,d yz ) orbitals. The V O s would induce a carrier above the threshold. Our results show that extra carriers induced by V O1 /V O2 are widely spread in the STO region (Fig. 4) , and a small (but not negligible) number of the charge carriers occupy the (d xz ,d yz ) orbitals (Fig. 6) . Consequently, the effects of these V O s can be determined by mapping the spatial distribution of carriers and/or measuring orbital characters by sensitive spectroscopic methods. In addition, the fact that the V O s at the n-type interface are not electrostatically favorable does not necessarily mean that the n-type interface is not free of vacancies. The presence of the finite amounts of oxygen vacancy at n-type interface (δ = 0.1) was reported in LAO/STO hetrostructures. 11 The extra electrons from the V O s at the n-type interface (V O3 /V O4 ) are strongly confined to and accommodated for by the Ti 3d-e g orbitals, as shown in Figs. 7-9 . Therefore, specific attention to the Ti 3d-e g states is necessary in spectroscopic methods to distinguish the conducting states induced by polar catastrophe and those states due to the V O s at the n-type interface. Furthermore, clarifying the V O -induced electronic states and charge transfer presented here would help further investigations into superconductivity and magnetism at the interfaces of these complex oxides. 13, 15 
IV. CONCLUSION
First-principles calculations within the LDA + U framework have been used to investigate the interface electronic structures in oxygen-deficient LAO/STO SL with complementary n-type and p-type interfaces regularly spaced by oxide components. The interaction of oxygen vacancies with the built-in field and the associated stability of vacancies at the n-type and p-type interfaces are elucidated from electrostatic considerations as well as from the formation energy of the oxygen vacancy by LDA + U calculation. Orbital-selective charge transfer provides a practical basis for experimental methods to distinguish between intrinsic interface states induced by the polar catastrophe and extrinsic states induced by oxygen vacancies.
